Ventricular tachycardia (VT) in the context of structural heart disease is related to patchy or incomplete scar; usually arising from re-entrant circuits which are dependent on surviving channels of activation through scar tissue.
Advisor™ HD Grid mapping catheter (Abbott) in sheep, demonstrating that near-field signals from poorly coupled abnormal fibres are largely unaffected by bipole spacing (as long as the fibre lies between the two poles) but that far-field signals are significantly lessened by reducing the bipole spacing, thereby improving near-field detection. 12 A second major limitation of these studies is that the resolution of the mapping techniques is not fine enough to determine the properties of the VT isthmus in detail. A microelectrode study (on a scale of 100 µm) of excised infarcted human papillary muscles identified complex activation patterns in a thin layer of surviving endocardial fibres overlying a densely infarcted zone. Slow conduction in these fibres was the result of activation at near normal speeds on a microscopic level following a zig-zag course through poorly coupled fibres, resulting in overall slowing of conduction. 13 Close bipolar spacing is also helpful in this regard, in that the position of the EGM is more accurately determined as signals are recorded from a smaller volume.
The other significant improvement of modern mapping systems lies in the number of EGMs that can be collected, stored and analysed by multipolar recording catheters and improved software. The increase from tens of EGMs in the initial studies to tens of thousands with modern systems has resulted in several major improvements. The resolution of the maps generated has significantly improved. The time taken to generate a map has reduced as multipolar catheters record from areas of myocardium, rather than single points, allowing rapid collection of points over a large area. 14, 15 By collecting multiple
EGMs at each location, outlier signals arising from ectopy, noise or catheter instability can be excluded, improving the quality of the signals recorded.
While these improvements do not allow mapping on the 100 µm scale, to identify activation patterns in individual surviving bundles, they do allow a greater appreciation of VT circuit activation than has been possible before. Several recent studies using small-electrode multipolar mapping catheters and high-density electroanatomic mapping systems have recently been performed in animals and humans, which have improved our understanding of the properties of VT circuits.
Isthmus Architecture
Mapping studies in pigs and humans have confirmed the presence of complex isthmus architecture, as suggested by computer modelling and pacing and entrainment mapping in the era before electroanatomic mapping. A canine left anterior descending (LAD) infarct model mapped with a 192-electrode array identified an isthmus defined by two parallel lines of conduction block. 16 This general structure of the common isthmus has been subsequently confirmed in a porcine infarct model, but with multiple entrance and exit sites in 11% of VTs. 17 Data from human VT studies confirms this general principle. 18 A multicentre study of high-density VT maps found that isthmuses were defined by lines of block, but that multiple entrances and exits were common.
Further, in humans, dead ends of activation were also common and regions of activation within dense scar, consistent with inner-loop activation, were also observed. 18 This increase in complexity in human studies over animal models is perhaps to be expected. The average time from MI to VT mapping in human studies is far longer, 10-20 years, than the few months possible in an animal model. 18, 19 The delay in local abnormal ventricular activity (LAVA) and degree of fractionation of EGMs are known to be associated with time from infarction, suggesting a prolonged period of remodelling, which results in increasing architectural complexity with time. 20 This complex architecture has important implications in clinical practice. Data from high-density mapping in both animals and humans has identified clear slowing of conduction at VT entrance and exit zones, but relative preservation of conduction velocities in the mid-isthmus ( Figure 4) . 17, 18 The absolute values for conduction velocity were higher in a porcine model than in humans, but the velocities recorded in human high-density mapping studies match those seen in surgical mapping studies and the discrepancy likely reflects inter-species difference in myocardial conduction velocity. 23 The deceleration of activation wavefronts at entrance and exit zones may be due to one, or more likely a combination, of several factors.
Activation in healthy myocardium and in the mid-isthmus is largely linear and orthogonal to fibre orientation. At entrance and exit zones, however, the wavefront curves around the lateral borders of the isthmus, are often perpendicular to fibre orientation. This abrupt change in activation vector as well as increased axial resistivity and myocardial thickness gradient, are likely to contribute to slowing.
Further, there is greater slowing of activation in entrance zones due to collision of opposing wavefronts in double-loop circuits.
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The Role of Functional Block and Slow Conduction
As well as slow conduction playing an important role in the entrance and exit zones of the protected part of the VT circuit, regions of slow conduction and/or functional block also seem to be important in defining the VT isthmus. Early animal studies in a canine infarct model identified regions of functional block that were present during tachycardia. High-density mapping in animal and human studies has confirmed this finding. Lines of complete block with well-defined double potentials are observed. However, many VT circuits are also bordered, at least in part, by regions of very slow activation, evidenced by long fractionated EGMs ( Figure 5) . 17, 18 Conduction in these lateral borders is sufficiently slow to protect the central isthmus.
Substrate mapping studies in an animal model identified critical sites in zones of maximal wavefront deceleration in sinus rhythm. These sites were located in regions of dense scar (<0.55 mV) and served as 
loop (white arrow) but to the left, activation is stopped by a line of block (white circle). Conduction velocity is indicated by the grayscale overlay and clearly shows zones of very slow conduction or block defining the lateral margins of the isthmus. There is another line of block outside the isthmus which results in a single loop, rather than dual loop, VT circuit. There are regions of slow conduction in the entrance and exit of the isthmus. Other regions of slow conduction are present elsewhere in the ventricle, but do not play a direct role in the VT circuit. B: median conduction velocity in entrance, isthmus and exit zones, and median (apparent) conduction velocity in zones of complete block and functional block which define the isthmus. P-values for comparisons are shown. Source:
Martin et al. 18 Reproduced with permission from Wolters Kluwer Health. 
Implications for Substrate Mapping
The increasing evidence for the role of functional block in VT circuits provides an explanation for the observation of more than one VT breaking out from the same region of scar. A region of slow conduction which acts as a lateral border for one VT may act as the entrance or exit zone for another ( Figure 6 ). The role of functional block results in major limitation of current substrate-mapping approaches, which often rely on a single map generated in either sinus or a paced rhythm. 21 Mapping in a rhythm with a cycle length and activation wavefront orientations which differ to the clinical VTs may not identify regions of functional block that are critical to the VT isthmus. 26, 27 Furthermore, not all LAVA and late potentials lie in critical parts of the VT circuit. Complete substrate elimination, while currently the strategy with the best supporting evidence, may not be entirely necessary for the elimination of all VTs.
It has been suggested that there may be VT critical zones which serve as the focal point for wavefront slowing and curvature, which can lead to re-entry in multiple different morphologies, leading to multiple VTs. 25 Identification of these critical zones in clinical practice may improve the results of substrate mapping by identifying specific areas of LAVA. Strategies to demarcate such zones are needed, but approaches which use pacing from multiple sites and/or different cycle lengths have been shown to improve detection of poorly coupled fibres and are likely to be useful. 27 Evidence to support ablation of a targeted subset of LAVA with dynamic poor coupling comes from studies using close-coupled extra-stimuli to identify dynamic increases in EGM duration and latency. Although small, these studies have demonstrated a high rate of non-inducibility and low rate of VT recurrence with a targeted approach.
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Implications for Pace Mapping and Entrainment Mapping
One of the most interesting observations from high resolution studies is the poor correlation of activation mapping and entrainment
An activation map of ventricular tachycardia 18 years after MI. The isthmus is defined by a combination of lines of complete block (black dots) particularly in regions of very low voltage and slow conduction or functional block (gray dots). Activation proceeds from a single entrance to an apical exit (white dashed lines). There is also activation of a very large area of dead-end activation (white circle) with mid-diastolic activation, partially delimited by the mitral annulus.
Source: Martin et al. 18 Reproduced with permission from Wolters Kluwer Health. (Figure 7) . 17 This may be because conduction velocities are relatively slow at the lateral edges of the breakout zone and so activation through this zone contributes very little to the overall morphology of the surface QRS complex.
A: Many years after MI, there is an area of scar extending from the endocardium. There is a fine mesh of surviving fibres on the endocardial surface. B: In ventricular tachycardia (VT), there is slow conduction, collision and functional block to create a protected isthmus channel (red lines). C: Current high-resolution technologies do not capture the complex zig-zag activation in the scar but can identify the path of activation through the critical isthmus. D: A second VT in the same scar is characterised by collision and functional block at different sites, resulting in a different pattern of activation and breakout site. E: Mapped with a high-resolution electroanatomical system, VT2 appears to have a different isthmus, which overlaps with that mapped in VT1.
Figure 6: A Critical Zone Anchoring Multiple Ventricular Tachycardias
A: An example of a monomorphic VT mapped using both activation and entrainment techniques. The length of the isthmus determined by activation mapping was measured from the proximal curvature (entrance) to the distal curvature (exit) and is highlighted in a red dashed ellipse. Dimensions of the isthmus were also measured using standard entrainment criteria and included sites with concealed QRS on all 12 electrogram (EGM) leads and PPI-TCL ≤30 ms (gray dashed rectangle). Although the two methods similarly identified the proximal curvature (entrance) and the width of the common channel, entrainment mapping overestimated the length of the isthmus, particularly at the exit site. The pseudo-exit is the zone considered part of the circuit using entrainment mapping but not part of the circuit by activation mapping (black dots). C: An example of entrainment from a pseudoexit site (electrode, shown in B). The bipolar EGM at the pacing site occurs just before the QRS complex (EGM to QRS of 36 ms; 9% of the TCL). Entrainment from this site resulted in concealed QRS fusion, as the stimulated pacing site assumes a similar wave front vector to the VT (solid arrow). However, in contrast to a true exit site, pacing from a pseudo-exit site resulted in a longer PPI with PPI-TCL of 25 ms. This is because the pacing site is beyond the distal curvature (white arrows) and propagation of its wave front in
Ablation at these distal sites may fail to terminate tachycardia, however, as activation is still able to break out laterally to healthy myocardium. This phenomenon, although not formally studied, may also have implications for pace mapping. Some studies of pace mapping suggest that the preferred strategy would be to ablate at the entrance site of the identified VT isthmus, which perhaps alleviates this problem. 30 Conversely, entrainment and high-density mapping may complement each other. Entrainment remains useful in atrial macroreentry with high-density mapping, and high-density maps may allow a more focused entrainment strategy.
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Future Directions
The limitations of current technologies for mapping VT have been reviewed elsewhere, but recent developments in high-resolution mapping are unlikely to be the final improvements in the field. 33 The 
Summary
High-density mapping technologies have improved our understanding of the characteristics of VT isthmuses. These are complex structures with multiple entrances and exits which are defined by a mixture of complete and functional block. These characteristics allow multiple VTs to arise from the same area of substrate. This has clear implications for substrate mapping and ablation strategies, and improved techniques to identify VT critical zones for targeted ablation may improve VT ablation outcomes.
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Clinical Perspective
• Ventricular tachycardia (VT) circuits are complex with multiple entrances, exits and dead ends. Tortuous isthmuses are common.
• Local electrogram voltage in the VT isthmus is low, consistent with previous definitions of dense scar.
• Regions of slow conduction play an important role in defining VT isthmuses. These functional elements may make identification of isthmuses in sinus or paced rhythm difficult.
• Several VT circuits may be supported by a single VT critical zone, where a combination of anatomical and functional block supports re-entry.
